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Abstract (DE) 
Die Freisetzung von Ultrafeinpartikeln (UFP) aus Laserdruckern und Bürogeräten wurde 
mittels eines zeitlich hochauflösenden Partikelmessgerätes (FMPS; Fast Mobility Particle 
Sizer) und geeigneten mathematischen Modellen untersucht. Dazu wurden Experimente in 
einer 1 m³-Kammer, einer 24 m³-Kammer und in einem Büro durchgeführt. Unter 
Verwendung eines Dekonvolutionsmodells wurden die Emissionsraten in diesen 
Umgebungen berechnet und anschließend die emittierten Gesamtpartikelzahlen bestimmt. 
Die freigesetzte Gesamtpartikelzahl ist von den Umgebungsparametern unabhängig und 
eignet sich daher prinzipiell für den Vergleich von verschiedenen Druckern. Anhand der 
Emissionsrate können sogenannte „Konstant-Emitter“ und „Initial Burst“-Emitter 
unterschieden werden. Im Falle eines „Initial Burst“-Emitters ist ein Vergleich mit anderen 
Geräten allerdings generell beeinträchtigt durch die starken Abweichungen zwischen 
einzelnen Messungen. Im Hinblick auf eine Expositionsbewertung gegenüber UFP unter 
Bürobedingungen ist, neben den Emissionseigenschaften, auch die räumliche Verteilung zu 
beachten. Diese kann mit CFD-Programmen für einen bestimmten Fall vorhergesagt werden. 
Abstract (EN) 
The release of ultrafine particles (UFP) from laser printers and office equipment was 
analyzed using a particle counter (FMPS; Fast Mobility Particle Sizer) with a high time 
resolution, as well as the appropriate mathematical models. Measurements were carried out 
in a 1 m³ chamber, a 24 m³ chamber and an office. The time-dependent emission rates were 
calculated for these environments using a deconvolution model, after which the total amount 
of emitted particles was calculated. The total amounts of released particles were found to be 
independent of the environmental parameters and therefore, in principle, they were 
appropriate for the comparison of different printers. On the basis of the time-dependent 
emission rates, “initial burst” emitters and constant emitters could also be distinguished. In 
the case of an “initial burst” emitter, the comparison to other devices is generally affected by 
strong variations between individual measurements. When conducting exposure 
assessments for UFP in an office, the spatial distribution of the particles also had to be 
considered. In this work, the spatial distribution was predicted on a case by case basis, using 
CFD simulation. 
 
Introduction 
 
In the indoor environment, several emission sources of ultrafine particles (UFP, particle size 
< 0.1 µm) exist. In most cases, the particles are formed by combustion (e.g. candles) or  the 
thermal degradation of food (e.g. fats) during cooking [1]. Recent scientific studies on indoor 
air quality in office buildings also found that UFP concentrations could be associated with the 
use of laser printers [3;8]. As such, the emission of UFP from laser printers and copiers has 
become the focus of recent research activities, which found that printer configuration, 
environmental conditions and the composition of printer related products (e.g. paper, toner) 
all have a significant influence on the complex emission behavior which was often observed 
[2-7]. Due to the many assumed health impacts that can be attributed to UFPs, this subject 
has also received substantial public attention recently. However, contrary to discussions in 
the public media, which refer to UFPs as toner particles, laser printers have actually been 
found to release very few toner particles (particle size 2 – 10 µm) into the air [2;6]. As such, 
there is a need for more information in relation to the physical and chemical nature of UFPs, 
for both health-related evaluations, as well as for source identification and the development 
of minimization strategies.  
 
Most of the studies conducted to date report emission test chamber measurements from 
hardcopy devices, as well as the detection of UFPs by particle-counting instruments such as 
the Scanning Mobility Particle Sizer (SMPS). For the physical characterization of UFPs, a 
standardized test protocol for conducting measurements in a 1 m³ and 24 m³ emission test 
chamber was developed at the Fraunhofer Wilhelm-Klauditz Institut, where UFP emissions 
from laser printers and copier machines were analyzed using a Fast Mobility Particle Sizer 
(FMPS), in terms of their size, as well as their time resolved emission behavior. These results 
were the basis for the calculation of specific emission rates [9], which give a deeper insight to 
the formation of UFP in particular printers and help distinguish between “initial burst” and 
“constant emitters”. The measurements also indicated that the emitted aerosol was mainly 
generated within the heated fuser unit of the laser printer [10;11]. The combination of heat, 
along with the specific ingredients found in the fuser unit (e.g. lubricants, grease, plastic 
additives, as well as high-boiling compounds present in the toner), are hypothesized to be 
the main factors governing aerosol creation. Several semi-volatile organic compounds are 
also possible candidates that could lead to nucleation and aerosol formation during the 
fusing process, including siloxanes, plasticisers, flame retardants and aliphatic hydrocarbons 
[11].  
 
Measurements conducted in emission test chambers, under standardized conditions, are 
very useful for the characterization of UFP emissions from hardcopy devices. However, 
earlier findings also demonstrate that for particle concentrations in a real office environment, 
the rate of decay is approximately ten times lower than that observed during chamber 
measurements [11]. This paper describes further UFP measurements, conducted in two 
emission test chambers with different volumes, as well as measurements conducted in a real 
office environment. The results are compared and discussed according to the findings of a 
calculation model, which uses the deconvolution method. Furthermore, CFD calculations are 
also described, for use when predicting the distribution of printer emissions indoors. 
 
Methods and Experimental Design 
 
Two black and white laser printers (printer A and B), that are known to produce very similar 
particle number concentrations in a 1 m³ emission test chamber when the same print job is 
executed repeatedly (“print-to-print repeatable”), were chosen for the following experiments. 
These two printers had a known emission behavior in that, at the beginning of the print-
phase, a large number of particles are emitted as a pulse (“initial burst”) and a smaller 
number of particles are released continuously during the rest of the printing phase. 
Regarding their printing velocity, printer A processes 250 pages / 10 minutes, while printer B 
processes 482 pages / 10 minutes.  
 
The particle concentration and size distribution measurements were performed using a TSI 
Model 3091 Fast Mobility Particle Sizer (FMPS, TSI Inc.) which measures particle number 
concentration in the range 5.6 - 560 nm, in 32 logarithmically spaced channels, with a time 
resolution of Δt = 1 s. The chamber measurements, which were conducted under controlled 
environmental conditions, were performed in two emission test chambers that fulfill the 
specifications of ISO 16000-9 [12]. A 1 m³ chamber made of glass and 24 m³ chamber made 
of stainless-steel,(Weiss Umwelttechnik GmbH) were constructed for the purpose of this 
project. The chambers were set at a standard operating  temperature of 23°C, a relative 
humidity (RH) of ~ 10 % in the 1 m³ chamber and 50 % in the 24 m³ chamber, and an air 
exchange rate (AER) of 3 h-1 in the 1 m³ chamber and 2 h-1 and 1 h-1 in the 24 m³ chamber. 
The printers and paper were kept at 23 °C and 50 % RH for 24 h before starting the tests. 
These values were chosen according to the RAL UZ 122 test protocol (“Blue Angel”) [13], 
along with several other test protocols for the emission testing of electronic devices [14;15]. 
Office measurements were performed in a furnished 55 m³ room with natural ventilation. The 
air exchange rate in the room, with the doors and windows closed and a fan in operation to 
reduce fluctuations in particle concentrations, was found to be 0.35 h-1. The FMPS was 
placed outside the room and the sampling tube (viton) was inserted through the doors 
keyhole. For all experiments, the area coverage of the printed template was 5 % and the 
printing phase had a duration of 10 min. 
 
After the printing phase was complete and the formation of particles ceased, the particle 
concentration decreased exponentially. By fitting the concentration decay in the post-
operating phase to an exponential curve, the decay constant, k, can be derived. k can then 
be corrected for the air exchange rate (n), in order to obtain the particle loss-rate coefficient 
(β), according to the following equation (1): 
 
 k nβ = −  (1) 
If the deposition behavior of particles in the chambers and the room can be reliably 
characterized, the emission rate of the printer can also be calculated. The measured 
concentration is a product of the decay function in the chamber and the emission function of 
the printer. By mathematical separation, so called deconvolution [16], the emission rate can 
be derived numerically to determine the emission characteristics of the printer. This 
mathematical technique allows the separation of two functions, A and B, which are 
convoluted (denoted by A*B), using the following equation (2):  
 
t
0
A B A(x)B(t x)dx∗ = −∫  (2) 
In this case, A is the emission rate and B is the single exponential decay function of the 
chamber. By solving the integral, the emission rate can be calculated using the loading 
factor, L, and the decay constant, k, as per equation (3):  
 
k t
k t
c(t) c(t t)eSER(t)
L t e
− Δ
− Δ
− − Δ= ⋅ Δ ⋅  (3) 
This equation allows for the resolution-independent calculation of the emission rate, and 
thus, is an advanced version of a previously published equation that used a different solution 
to the deconvolution formula [9]. Using the calculated emission rates, an “initial burst emitter” 
can be distinguished from a “constant emitter”. 
 
Equation (3) is based on the single exponential decay of particle concentration with time. 
Alternatively, the emission rate may also be determined from the transposed mass-balance 
equation, which would result in the following equation (4): 
 
 c(t) c(t)k t c(t t)SER(t)
L t
+ Δ − − Δ= Δ  (4) 
For a high time resolution, both equations provide comparable results, however the mass-
balance equation assumes a linear decrease in concentration between two points in time. If 
the time resolution is low (e.g. in the case of SMPS measurements), this error has a vast 
influence on the results and the more precise deconvolution formula should be used. 
 
Modeling Method 
 
To demonstrate the impact of a printer operating in a typical office environment, a numerical 
simulation based on steady-state conditions was carried out using CFD modeling. The CFD 
software, Fluent, and a standard k-ε model, were used to predict particle number 
concentration and spatial distribution within the office. Hexahedral mesh was applied to 
achieve a convergent grid independence of 180,000. Particle number concentration loss by 
deposition was not considered in the simulation. 
 
The office environment used in the study had dimensions of 9.5 × 6 × 2.65 m, a mechanical 
air-conditioning system (two inlets and one outlet), three work stations and a shared printer 
located close to the entrance of the room (Figure 5). The printer was modeled as a heat 
source with an intensity of 150 W, generating a large amount of particles, 4.5X1010 #/min 
dominated by a mean diameter of 45 nm [8]. Three people were simulated and generated a 
constant heat flux of 70 W respectively. Each computer generated 150 W heat, the total heat 
of ceiling lights was 560 W. The temperature of inlet1 and inlet2 was 25 °C, the air change 
rate in the office was 0.3 h-1. 
  
Results and Discussion 
In each experiment, the UFP concentration increased suddenly at the start of the print phase, 
especially in the 1m³ chamber, due to the low dilution of the aerosol. The particle 
concentrations generated by printer A in the two chambers, as well as the office, are 
presented in Figure 1. It can be seen that particle number concentration in the office 
increases at the same rate as in the test chambers, under the same printing conditions. In 
contrast, the most noticeable difference between the office and the chamber measurements 
was the dissimilar decay rates in the post-print phase, such that particle decay was 
significantly greater in the chambers, than in the office environment. This result also confirms 
the findings of an earlier study by Wensing et al [11]. 
  
Due to differences in the environmental parameters (e.g. air exchange rate, air velocity, 
volume and air flow pattern), the particle loss-rate, β, in the chambers, which corresponds 
with the decay in particle number concentration, is larger than in the office. For both printers, 
the particle loss-rate co-efficient decreases with increasing chamber volume and decreasing 
air exchange rate. The determined β-values and the experimental parameters are 
summarized in Table 1. 
 
The particle loss-rate coefficient, β, is a function of first order deposition decay constants, the 
second order coagulation term, kc, and the air exchange rate, n [9]. In principle, β should 
increase as n approaches zero, since a higher particle concentration will cause a higher kc 
value. However, for typical peak concentrations between 104 #/cm³ and 106 #/cm³, and air 
exchange rates between 1 h-1 and 3 h-1, the particle loss from coagulation is calculated to be 
less than 1% [17]. The deviations observed in the 24 m³ chamber, at the two different air 
exchange rates, were around 15 %. This effect cannot be explained by changes in the 
environmental parameters (e.g. air flow pattern and velocity are the same), and therefore, it 
is deemed to be the general uncertainty of particle emission from one print job to another.  
 
The FMPS measurements allowed for the changes in particle size distribution during and 
after the print phase to be observed. The contour plots of size distribution in the 1 m³ and 24 
m³ chamber are shown in Figure 2. Regarding the particle size distribution of the aerosol, two 
modes could be detected in every case. The first mode covers particle diameters in the 
range 5.6 - 20 nm, while the second is formed by particles between 20 - 200 nm.  
 
When comparing the contour plots of printer A within the two emission test chambers (A1 
and A2 in Figure 2), the first and second mode are of similar height in the 1 m³ chamber, 
while in the 24 m³ chamber, the first mode is far more distinctive. In case of printer B, the first 
mode is considerably larger than the second mode. Regarding its decay behavior, the 
concentrations of the first mode decrease faster than the second mode (see A1). This results 
from the higher aerosol concentration and the air flow pattern in the 1 m³ chamber. For 
example, the aerosol circulates in the chamber and is transported towards the glass surface. 
This enhances the deposition of particles due to the forced contact with the glass. From the 
literature, particles with diameters of ~ 100 nm are known to experience a lower deposition 
rate than larger (gravitational settling) and smaller (diffusion settling) particles [18]. In this 
study, a large number of particles were found to have diameters below 30 nm, which 
indicates that the particles should show a high settling velocity by diffusion, even though the 
air velocity is low. Whilst the two chambers had the same air velocity, which was set 
according to DIN ISO 16000-9 (0.1-0.3 m/s), a variation in the decay behavior was observed 
for the first mode. Consequently, the aerosol concentration was postulated to have a strong 
influence on the shape of the first particle mode.  
 
Since the measurements were performed using an FMPS, which counts the aerosol 
particles, small changes in the first mode were found to have a vast influence on the overall 
results. For example, whilst the particles below 30 nm had a high number concentration, the 
total mass of the mode was low compared to the second mode. Therefore, the fluctuation in 
results due to changes in the first mode could be reduced by comparing the volume of the 
particles (if the shape is known) or the mass (if the density is known). For the aerosol of 
interest, a spherical particle with standard density (1 g/cm³) was assumed. However, 
although this approach might reduce the uncertainty related to the smaller particles, it might 
also shift the measuring uncertainty to the larger particles, since a slight deviation in the 
number concentration of the second mode would have a stronger influence on the total result 
than the first mode, which has a higher number of particles. As a result, the data analysis 
was conducted based on particle number concentration, since it is a measured parameter 
and not a derived value. However, careful consideration of mass or number concentration 
values must also be taken into account when developing a reliable parameter for the 
comparison of different printer measurements in different environments. 
 
Using equation (2) and (3), the emission rate of printer A in the 1 m³ chamber was calculated 
and is shown in Figure 3. For the FMPS data, no significant difference was found between 
the emission rates obtained using the deconvolution formula (2) or the mass-balance 
equation (3). Figure 3 displays an initial burst emitter, which features a rapid increase in 
emission rate that drops considerably before the print phase ends. In contrast, constant 
emitters show an emission rate that fluctuates around a constant value throughout the whole 
print phase [9]. When comparing measurements taken from various laser printers, the 
particle concentration is an unsuitable parameter to use, because it is depends directly on 
chamber volume. Even if the same chamber size is used, fluctuations in the concentration 
will also hinder the direct comparison. On the other hand, the integral below the 
concentration curve in a defined interval (F-value) and this would allow for a relative 
comparison to be made when measuring under the same conditions [9]. When comparing 
several measurements, it is important that they are conducted over the same time interval. In 
the literature, intervals of 45 min (F45) [9;11] and 60 min (F60) [19] are used. However, the 
time interval used is determined by the environmental conditions, and therefore, this rules out 
any comparison of the measurements from the 1 m³ and 24 m³ chamber.  
 
When using the deconvolution formula, the graphical comparison of emission behavior (e.g. 
on the basis of Figure 3) is possible, however this does not allow for the reference analysis of 
a large number of printers. If the time-dependent emission rate of the unit is available, the 
total amount of particles can be calculated, where the time at the beginning of the print job 
(t1) and at the end of particle release (t2) are used to calculate the total number of emitted 
particles (N), according to the following equation (5): 
 
2
1
t
t
N SER(t)dt= ∫  (5) 
In this study, N was calculated using mean number concentrations over 30 s intervals. The 
results for the two laser printers, under different testing conditions, are shown in Figure 4. For 
printer A, the calculated total sum of emitted particles (N) was almost the same for all 
experiments, under various test conditions. In contrast, the results for printer B, obtained 
under the same experimental conditions, show significant deviations, depending on chamber 
size and air exchange rate. Whether this is the consequence of a certain interaction between 
aerosol and chamber, or an unexpectedly high variability of aerosol release from printer B, 
could not be determined by this kind of experiment. The results for printer B illustrate that this 
method of comparison may not be valid for all types of printers. In the 24 m³ chamber, 
however, N is similar for both printers and appears to be independent of air exchange rate.  
For one real office exposure scenario, a CFD simulation (Fig. 5-B) was conducted to show 
the distribution of printer aerosols in a typical mechanically ventilated office environment. 
Unlike in the emission test chamber, air circulation in such an environment is usually not very 
uniform. Consequently, the aerosol cloud was found to be localized and, in this particular 
office, it tended to move towards the next air outlet, without coming in close proximity to the 
work stations. This exemplifies the fact that the measurement of UFP concentrations or 
emission rates under controlled conditions (i.e. in an emission test chamber) does not 
necessarily help in characterizing exposure to these particles.  
 
Conclusions 
 
The concentration of UFPs that are formed by UFP-emitting laser printers strongly depends 
on the volume of the surrounding system. The influence of the test chamber volume on 
particle concentration means that it is not possible to compare printers measured under 
different environmental conditions. However, the emission behavior of a printer can be 
characterized by calculating the time-dependent emission rate from particle concentration 
measurements. This calculation is very useful for describing the general emission behavior of 
a laser printer, as well as making a distinction between “initial burst emitters” and “constant 
emitters”. This method corrects the collected data according to volume, particle loss rate and 
number of emission sources. Nevertheless, certain parameters, such as aerosol density and 
air flow pattern, as well as the chemical nature of the aerosol, are not considered in this 
approach and these parameters may have a significant influence on aerosol composition 
which cannot be corrected by the mathematical models.  
 
For an individual printer, calculating the total sum of emitted particles within different 
environments led to comparable results, which indicated that the UFP emission behavior of 
laser printers can be determined independent of the test conditions (e.g. test chamber 
volume and air exchange rate). These results also illustrate the feasibility of this method for 
comparing different printers within the same system. However, as could be seen from the 
results for printer B, other factors can also affect the outcome of the experiments, and thus, 
this method of calculating the amount of emitted particles may not always be appropriate.  
 
Test chamber results, under standardized conditions, are very useful for making relative 
comparisons of UFP emissions from laser printers. However, knowledge regarding the 
release of UFP from laser printers is still limited and does not allow for the extrapolation of 
test chamber results to a real office exposure scenario. Furthermore, the results of the CFD 
modeling indicate that it is necessary to determine the geometry and flow field of the room, in 
order to asses the fate of printer-generated aerosols. In order to gain a better understanding 
of potential exposure situations to UFP emissions from laser printers, further studies are 
necessary that look at real life scenarios. 
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Figure 1: Particle number concentration during the print and post-print operating phases 
(Printer A). 
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Figure 2: Development of the particle size distribution during and after the print phase. 
Printer A in 1 m³ (A1) and 24 m³ (A2) chamber; Printer B in 1 m³ (B1) and 24 m³ (B2) 
chamber (1 m³ n = 3 h-1, 24 m³ n = 2 h-1). 
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Figure 3: Concentration and emission rates for printer A in a 1 m³ test chamber (A), 24 m³ 
test chamber (B), and the office (C). 
 
 0
2E+12
4E+12
6E+12
8E+12
1E+13
n = 0.35 /h n = 1 /h n = 2 /h n = 3 /h
Office 24 m³ 1 m³
To
ta
l e
m
itt
ed
 p
ar
tic
le
s 
[#
]
Printer A Printer B
-1 -1 -1 -1
To
ta
l s
um
of
em
itt
ed
pa
rti
cl
es
N
 [#
]
 
Figure 4: Sum of emitted particles between 5.6 - 560 nm from printer A and B, under different 
environmental conditions.  
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Figure 5: CFD simulation of a printer operating in a mechanically ventilated office. (A: 
Schematic of the room; B: Particle number concentration during constant emission of 
particles from the printer). 
 
 Tables 
 
Table 1: Summary of experimental parameters and deposition behavior. 
Parameter  Emission test chamber Office 
Volume [m³] 1 24 55 
Air exchange rate [h-1] 3 2 1 0.35 
Loading factor [unit/m³] 1.00 0.04 0.04 0.02 
k [h-1] Printer A  6.47 4.11 2.75 0.49 
 Printer B  5.65 4.60 3.26 0.97 
β [h-1] Printer A  3.47 2.11 1.75 0.14 
 Printer B  2.65 2.60 2.26 0.62 
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